Two isoforms of vasa mRNA and protein are present in a teleost fish, tilapia. One (vas-s) lacks a part of the N-terminal region found in the other isoform (vas). Both isoforms are expressed in oocytes through the embryonic stage when primordial germ cells (PGCs) localize in the lateral plate mesoderm. After PGC localization in the gonadal anlagen, vas-s expression increased and vas expression became undetectable. Expression of both isoforms was observed again after morphological gonadal sex differentiation, irrespective of genotypic sex. In ovary, compared with vas expression vas-s expression predominated throughout oogenesis. In testis, vas expression was predominant compared with vas-s during spermatogenesis. These results indicate that relative expression of two vasa isoforms is dependent upon germ cell differentiation and sex. q
The gene vasa encodes a DEAD (Asp-Glu-Ala-Asp) box family protein, which is a putative RNA helicase and is present in both the polar granules at the posterior end of the oocyte and the nuage structure in the germ cells in Drosophila (Mahowald, 1992; Strome, 1992) . In vertebrates, vasa-like homologs have been cloned and their expression pattern has been examined in germline cells in frogs , mice (Fujiwara et al., 1994) , rats (Komiya and Tanigawa, 1995) , chicken and teleost fishes (zebrafish, Yoon et al., 1997; Olsen et al., 1997; tilapia, Kobayashi et al., 2000) . However, the dynamics and function of vasa gene products during germ cell differentiation and development remain unclear. Tilapia Oreochromis niloticus is a diploid teleost fish (Carrasco et al., 1999 ) and a gonochoristic species, which has been well characterized in terms of gonadal differentiation and gametogenesis (see Nakamura et al., 1998; Baroiller et al., 1999) . We cloned a tilapia vasa homolog and showed that vasa RNA was differentially expressed during oogenesis and spermatogenesis by in situ hybridization (Kobayashi et al., 2000) .
Two vasa cDNAs of zebrafish have been previously reported (Yoon et al., 1997; Olsen et al., 1997) . The comparison of these two sequences of zebrafish Vasa reveals that one Vasa lacks 16 amino acids at its N-terminal region (Olsen et al., 1997) , suggesting that at least two isoforms of Vasa are present in zebrafish. Since genomic Southern analysis showed that vasa was a single copy gene in zebrafish (Yoon et al., 1997) , it is thought that these two isoforms of vasa result from alternative splicing. Recently, we also cloned another vasa homolog in tilapia lacking a part of the N-terminal region. Since the tissue distribution and expression pattern of vasa isoforms have not been reported in any vertebrates (Ikenishi, 1998; Braat et al., 1999) , in the present study we have described the tissue distribution and expression profile of Vasa isoforms during embryogenesis and gonadogenesis using all genetic male (XY) and female (XX) populations of tilapia. In addition, we have also examined the subcellular localization of tilapia Vasa protein in gonads during spermatogenesis and oogenesis.
1. Results and discussion
Isolation of tilapia vasa isoforms
Tilapia vasa cDNA reported previously (Kobayashi et al., 2000) encodes a 645-amino-acid protein (Vas). We found a shorter clone containing a full-length open reading frame that encoded a 621-amino-acid protein, which was identical with Vas except for lack of two small portions in the N-terminal regions (Vas-s; Fig. 1 ). These Vasa homologs share the eight highly conserved amino acid regions characteristic of the DEAD box protein family (Linder et al., 1989; Fujiwara et al., 1994) and contained the wellconserved tryptophan (W) residues near the start and stop codons and a glycine (G)-rich region in the NH 2 -terminal portion containing multiple arginine-glycine-glycine (RGG) repeats.
Tissue distribution by reverse transcription-polymerase chain reaction (RT-PCR) showed that two vasa isoforms were expressed in gonads specifically. Furthermore, in the ovary, vas-s expression predominated compared with vas expression. In the testis, vas expression was predominant compared with vas-s (Fig. 2) .Genomic Southern analysis has shown that in tilapia vasa is also a single copy gene (data not shown), suggesting that the isoforms of vasa described in this study result from alternative splicing.
Expression and subcellular localization of tilapia Vasa protein
Immunoblot analysis of adult testis and ovary indicated that the anti-Vasa antibody (a-TDc) specifically stained protein bands corresponding to Vas and Vas-s recombinant proteins derived from rabbit reticulocyte lysates (Fig. 3) , suggesting that a-TDc recognized the Vasa proteins derived from vas and vas-s RNA. Although the a-TDc antibody does not distinguish between Vas and Vas-s protein, immunohistochemistry identified immunoreactivity in germ cells, but not in any somatic cells ( Fig. 4a-d) . Judging from these results, we conclude that a-TDc specifically recognizes Vasa proteins in tilapia.
In the testis, Vasa protein was localized in stages from Atype spermatogonia through primary spermatocytes, but was not observed in stages from secondary spermatocytes through spermatozoa (Fig. 4c ), which coincided with vasa RNA expression in spermatogenic cells (Kobayashi et al., 2000) .
Vasa protein appears to be exclusively localized in the cytoplasm of spermatogonia and primary spermatocytes. Fluorescent immunocytochemistry showed many small granular stainings in the cytoplasm of B-type spermatogonia, which were of the proliferative type (Fig. 4e) . Vasa protein expression decreased in primary spermatocytes through early diplotene spermatocytes (Fig. 4c,e) . Some patchy stainings became visible in the cytoplasm of pachytene to diplotene spermatocytes (Fig. 4d,e) . With the One microgram of total RNA from each tissue was used for RT-PCR analysis using a specific primer set for vasa. As control, EF1-a was amplified using its specific primer set. (a) Specificity of vasa primer sets (N-term. and DEAD). (b) Tissue distribution of two vasa RNA. PC, positive control. Tilapia vas and EF1-a cDNA were used as template for amplification of vas and EF1-a, respectively. NC, negative control. cDNA synthesized from total RNA (testis) digested with RNase was used as template.
progression of meiosis, however, Vasa protein was not observed in spermatogenic cells (Fig. 4c) .
In the ovary, Vasa protein was localized in the cytoplasm of germ cells in stages from oogonia through early diplotene oocytes (Fig. 4d) . In auxocytes, perinuclear localization of Vasa was observed (Fig. 4d, arrowheads) and after vitellogenesis, Vasa protein dispersed throughout the enlarged oocytes (data not shown).
The subcellular localization of Vasa protein in diplotene oocytes changed drastically during oocyte growth. In early diplotene oocytes, Vasa protein was localized in the cytoplasm around the germinal vesicle (Fig. 4d) . With the progression of oocyte growth, Vasa protein became localized as granular structures away from the germinal vesicle (Fig. 4g) . At vitellogenic stages, Vasa protein became diffused in the cytoplasm and definite cytoplasmic localization was not observed (data not shown). This subcellular localization of Vasa protein in oogenic cells differs from that of RNA described in a previous report (Kobayashi et al., 2000) , suggesting that Vasa protein does not colocalize with vasa RNA. A similar observation has also been reported in zebrafish (Knaut et al., 2000) .
We also examined whether a-TDc could be used with other teleost fish. a-TDc stained germ cells but not somatic cells in trout (Fig. 4h ) and zebrafish testis (Fig. 4i) . Thus aTDc appears suitable for use in teleost species. In agreement with these results, the C-terminus sequence of Vasa in these teleosts is highly conserved (GenBank accession number: tilapia Vas, AB032467; tilapia Vas-s, AB051835; zebrafish, AB005147; trout, AB032566).
Expression of tilapia vasa isoform transcripts during embryogenesis and gonadogenesis
The expression patterns of the two vasa isoforms during embryogenesis and gonadogenesis were examined by RT-PCR (Fig. 5) . Transcripts of both isoforms were detected in full-grown oocytes (Fig. 5) and in an ovarian sample containing all stages of oogenesis (Fig. 2) . In 2-cell, gastrula and primordial germ cells (PGCs) at the segregated stage (0 day after hatching: dah), both isoforms continued to be expressed. After PGCs entered the gonadal anlagen (5 dah), expression of vasa isoforms was restricted to vas-s, irrespective of genotypic sexes. This indicates a shift in expression of both vasa isoforms after PGCs localized to the gonadal anlagen, suggesting that PGCs are definitively different before and after contact with somatic mesodermal cells in the gonads of tilapia in similar to Drosophila (Mukai et al., 1999) and mice (Toyooka et al., 2000) . Germlinespecific gene expression required for germ cell differentiation within the gonads may generally depend on interactions with surrounding somatic cells. Expression of vasa isoforms changed after gonadal sex differentiation (30 dah), i.e., vas was expressed again while vas-s expression decreased. At this stage, interestingly, the most advanced germ cell stages in the testis and ovary are A-type spermatogonia and diplotene oocytes, respectively. These results indicate that the expression of both vasa isoforms changes drastically during gonadogenesis.
Experimental procedures

Animals
Tilapia Oreochromis niloticus were kept in recirculating fresh-water tanks with a capacity of 500 l at 268C until use. To obtain fry of all genetic females (XX) and males (XY), artificial fertilization was performed according to a previous report (Kobayashi et al., 2000) . These eggs hatched out after 4 days. In our system, sex ratios of fry were 100% female in the all-female population (100 fish sexed) and 100% male in the all-male population (100 fish sexed). No hermaphroditic gonads were observed (data not shown).
cDNA cloning of tilapia vasa isoforms and their expression
Vasa homolog cDNA was cloned as described in a previous study (Kobayashi et al., 2000) . For tissue distribution, two specific primers (DEAD) corresponding to regions from the A motif to the B motif of the ATP binding domain were used to examine tissue distribution of vasa RNA. Two specific primers (5 0 -AACCCCAAGGCTCTGAAGTCA-3 0 , 5 0 -GTCGGCTTTCTGTGCGGACTT-3 0 ) for tilapia EF1-a were used as control. To examine the expression of vasa isoforms, two specific primers (N-term.: 5 0 -ATGGAC-GAGTGGGAAGAAC AG-3 0 , 5 0 -CATGAGATCCCTGC-CAGCAGA-3 0 ) corresponding to the N-terminal region (Fig. 1, arrows) were used.
Production of anti-vasa polyclonal antibody and immunoblot analysis
According to previous reports (Kobayashi et al., 1996 (Kobayashi et al., , 1998a , the peptides (DGSVTSQLAAQTAADDEEWE) corresponding to C-terminal sequence of tilapia Vasa were prepared as antigen and obtained anti-rabbit Vasa antiserum (a-DTc) was then affinity purified. Protein extracts were prepared from testes and ovaries according to a previous report (Kobayashi et al., 1996) . Proteins were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis with 12.5 or 7.5% SDS-polyacrylamide gel (Laemmli, 1970) and then, transferred to Immobilon membrane (Millipore) by semi-dry electroblotting. a-TDc was used as a 1:2000 dilution.
Immunohistochemistry
Dissected testes and ovaries were fixed in Bouin's fixative or 4% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4) overnight, dehydrated and embedded in paraffin. Serial sections were cut at 5 mm thickness. a-TDc was diluted at 1:1000. Immunohistochemistry methods were described previously (Kobayashi et al., 1996 (Kobayashi et al., , 1998a . Ovaries were also fixed in 4% paraformaldehyde overnight at 48C, washed four times (15 min each) in PBST (phosphatebuffered saline (PBS) containing 1% Tween 20) and blocked in blocking buffer (PBS containing 20% heat-inactivated fetal bovine serum, 0.1% Triton X-100 and 2 mg/ml bovine serum albumin (BSA fraction V, Sigma). Anti-Vasa antibody (a-TDc) was diluted at 1:500. Tissues were incubated in a-TDc overnight at 48C. After washing, ovaries were incubated in anti-rabbit IgG Alexa Fluor 488 (Molecular Probe) overnight at 48C. After washing, fluorescent labeled ovaries were analyzed on Zeiss confocal microscope. Fig. 5 . Expression of two vasa isoforms during embryogenesis and gonadogenesis. Expression of two vasa isoforms during embryogenesis and gonadogenesis was examined by RT-PCR. Two vasa isoforms are detected in germ cells from oocytes to migrated PGCs. During early gonadogenesis, vas-s is only detected but not vas. vas becomes expressed in germ cells after gonadal sex differentiation.
